Abstract-The ACT II (Acoustic Characterization Test II) experiment was conducted near the site of AMCOR Borehole 6010 on the New Jersey shelf. It is one of a series of experiments, a major objective being the evaluation of propagation predictability in sandy shallow water environments. The influence on nonlinear frequency dependence of the sediment volume attenuation in the uppermost sediment layer is considered here. A metric for its effect on the degradation of transmission loss with range is an effective attenuation coefficient. A previous study [W. M. Carey, and R. Evans, IEEE J. Oceanic Eng., vol 23, pp. [429][430][431][432][433][434][435][436][437][438][439][440][441][442][443][444][445][446][447] 1998] determined that a frequency power exponent of 1.5, relative to a reference frequency of 50 Hz over the frequency interval 50-1000 Hz, provided the best comparison with the data. Our approach uses 1 kHz as a reference frequency and extensive comparisons between measurements and PE calculations. This procedure leads to a higher frequency power exponent with the assumption that the surface layer attenuation at 1 kHz is approximately 0.35 dB/m
I. INTRODUCTION
The ACT II (Acoustic Characterization Test II) was one of a series of shallow water experiments performed to study the acoustic effects of environment parameters such as range dependent bathymetry, subbottom, sound speed structure and sea state [1] . The experiment consisted of several 50-1000 Hz continuous-wave components, both parallel (runs 2-2 and 3-1) and perpendicular (run 3-3) to the New Jersey Shelf. Transmission loss measurements were conducted in September, 1993, quite near the same site, AMCOR Borehole 6010, where similar measurements were taken in October, 1988 . This site has relatively well-studied geoacoustic properties. Both experiments were conducted under similar downwardrefracting conditions and over a sandy-silty bottom, with supporting measurements of salinity, temperature, and sound speed available. Shear-wave effects at the experimental frequencies were determined to be insignificant. In this analysis we use acoustic measurements from the longer (3-1) of the two runs parallel to the shore. These measurements were performed over 26 km in channels with slowly varying depth (70 m to 74 m in 1988, and 71 m to 77 m in 1993) [2] .
The emphasis of this work is the analysis of the frequency dependence of sediment volume attenuation. Many results [3] show that accurate calculations of transmission loss in shallow water waveguides with fast sandy-silty bottoms require a non-linear frequency dependence for the attenuation in the upper sediment layer, for frequencies between 100 Hz and 1 kHz. The techniques used for approximation of the frequency dependence include normal modes analyses, transmission loss comparisons, inversion schemes, and measurements of the angle-dependent reflection coefficient. Our results contribute to the evidence for the non-linear dependence. Parameters that characterize the non-linear dependence were found in [2] using a low reference frequency. In this paper, we reexamine the assumptions of the analysis made in [2] , and by making updates and improvements in the environmental model we determine estimates for the key parameters. Also we find that the probability distribution function of intensity is close to exponential, as expected for this frequency range. In Section II our hypotheses are presented. The comparison of measured and calculated transmission loss is described in Section III. Our conclusions are summarized in Section IV.
II. HYPOTHESES
Our focus here is on consequences of the frequency dependence of the sediment volume attenuation in the uppermost sediment layer. The analysis used a power-law form of the frequency dependence based on previous studies described in [2] and [3] . Excellent agreement between measured and calculated sound transmission was achieved assuming a nonlinear frequency dependence within 1.5 and 2.0. The nonlinear frequency dependence of attenuation is expected only in the water-saturated portion of the sediment. This is typically only the upper 5 m or so of sediment in these two experiments, as analyzed in [2] . A metric for the influence on non-linear frequency dependence of the sediment attenuation on the range degradation of transmission loss is an effective attenuation coefficient (EAC). This quantity is derived from range and depth averaged transmission loss, both for measurements and for calculations. Calculations used measured geophysical properties, water sound-speed profiles, and rangedependent bathymetry. The exponent of the frequency powerlaw behavior was allowed to vary until a comparison between 1-4244-01 15-1/06/$20.00 §2006 IEEE measured and calculated EACs was achieved within acceptable bounds.
One significant change from the procedure in [2] is that the sediment attenuation model is modified so that the reference frequency is 1 kHz instead of 50 Hz. The sediment-surface value of the attenuation profile is taken to be consistent with Hamilton's results at 1 kHz [4] and with other recent results [5] . Another change is in the water column sound speed for the analysis of the 1993 experiment. We use a sound speed profile that is based on the totality of collected profiles and has different thermocline characteristics than the one employed in [2] because of new results from statistical tests between measurements and calculations. Finally, we analyze only frequencies greater than 400 Hz because at lower frequencies, attenuation values are small and the field has relatively few modes.
Our principal hypothesis is that for sandy-silty bottoms in the frequency range of 100 Hz to 1 kHz, attenuation in the sediments follows a non-linear frequency dependence with power-law exponent ranging between 1.5 and 2.0, and for surface layer attenuation at 1 kHz being approximately 0.35 dB/m [5] . III . DATA ANALYSIS Transmission loss calculations were performed using the parabolic approximation method known to produce accurate one-way propagation solutions for range dependent environments in shallow water channels. The non-linear frequency dependence of the attenuation is given by a(z, f) = a(z, fo) (f), where fo is the reference frequency 1 kHz, n is the frequency exponent, and a(z, fo) is the intrinsic attenuation profile in dB/m at 1 kHz. This profile is taken as proportional to the one estimated from Borehole 6010 at 50 Hz, that is a(z, 1000) = Ka(z, 50). For convenience we define the profile a(z, 50) so that it has unit value in dB/m at 73 m. The goal is to determine the constant K and the exponent n.
Comparisons between measured and calculated transmission loss follow generally the procedure developed in [2] . The metric used is the EAC, which is defined as follows. For each receiver the measured and calculated transmission loss data files are first range averaged over the interval 3-21 km using a window of 1 km, with sample points at 50 m apart. Then the window averaged measured and calculated transmission losses are fit using the expression:
TL -cxeffr + b + 10 log(r), where r is range in meters, aeff is the EAC, and the third term is cylindrical spreading. The EACs are slopes of the leastsquares fit of the range-averaged (measured and calculated) transmission loss with cylindrical spreading removed. We obtain measured-computed EAC pairs for each frequency and exponent. An average of these pairs over the three receivers is performed at each frequency to minimize the depth variability in the acoustic field. Sample results are shown in Figure 1 . The appropriate ranges for values of K and n are based on the agreement between measurements and calculations. Unlike [2] , standard rather than weighted lest-squared fits are used in this process. If the agreement were perfect, then the slope of the fitting line for the measured-computed EACs pairs would be one. 
IV. CONCLUSION
Previous studies summarized in [3] show that the accurate calculation of the shallow water sound transmission in a waveguide with sandy-silty bottom requires a nonlinear frequency dependent attenuation in the near-water sediment layer between 100 Hz and 1 kHz. The Biot theory [6] predicts a quadratic dependence. Comparisons between measured and calculated transmission loss for the ACT II experimental site, for frequencies between 400 Hz and 1 kHz, yields a frequencypower of 1.85 ± 0.15 and the attenuation at 73 m depth of 0.33 ± 0.02 dB/m.
